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ABSTRACT
Floating car- and loop detector-based methods are two different types of methods frequently used
to collect travel time delay information across a freeway network. Sometimes, it is necessary to
use them jointly to achieve the necessary freeway network coverage, due to the high labor costs
for the floating car-based method and the indispensability of sufficient network instrumentation
for the loop detector-based method. For example, both floating car- and loop detector-based
methods were once used in the Highway Congestion Monitoring Program in the California
Department of Transportation. It is therefore necessary to evaluate whether these two types of
methods estimate similarly in terms of total travel time delay. To this end, corresponding delay
information estimated using both types of methods from 37 freeway segments in the Greater
Sacramento Area were collected and compared. It was found that these two types of methods do
not estimate similarly in terms of total segment travel time delay. The mean absolute relative
difference (MARD) can be as high as 78%, especially when delay is defined using a lower
reference speed, such as 56 km/h. However, in terms of total segment travel time, the loop
detector and the modified floating car method estimated similarly. The MARD is 19%. It was
also found that the estimation from the different methods did correlate fairly well, which provides
a means of conversion when different methods are used to monitor the total delay across a
freeway network. As a spin-off, it was also found that a 1.5 km spacing of loop detectors is
sufficient to achieve the 19% MARD as compared with the modified floating car method in terms
of total travel time estimation. 
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INTRODUCTION
There are a variety of methods that can be used to estimate the total travel time delay
over a freeway segment and in turn an entire freeway network. These methods have
been well documented in the Travel Time Data Collection Manual [1], such as floating
car-based method, loop detector-based method, electronic distance-measuring
instruments (DMIs) method, computerized and video license plate matching method,
cellular phone tracking method, automatic vehicle location (AVL) method, and video
imaging and automatic vehicle identification (AVI) method. In practice, floating car-
and loop detector-based methods are widely used to collect travel time delay. For
example, both types of methods were once used in the Highway Congestion Monitoring
Program in the California Department of Transportation to estimate the total delay
across its freeway network. In the rest of this paper, only these two types of methods are
going to be discussed. 
For the floating car-based method, specially equipped vehicles capable of recording
their own trajectory information (speed profile and travel time) are driven through the
congested areas along a predetermined lane of a roadway segment at certain time
intervals, such as 15- or 30-minutes. A floating car is driven like an “average” vehicle in
traffic, which overtakes only as many vehicles as that overtake itself.  Each round trip is
called a run. Traditionally floating car method is capable of collecting both flow and
travel time information in one run. For freeway applications, however, it is impossible
for a floating car run to collect simultaneous flow information due to the high speed and
volume. Only travel time and hence delay information in the direction of interested
traffic flow is measurable. Delay is defined as the travel time in excess of that at a user-
specified free flow speed, or reference speed. If a floating car is assumed to be driven
truly as an ‘average’ vehicle, the measured floating car delay from a series of runs over
an entire peak period could be used to estimate the total freeway segment delay (across
all lanes),  based on an assumed bottleneck capacity according to the fundamental
deterministic queuing diagram [2, 3]. In practice, bottleneck capacity may be assumed
as 2000 vehicles per hour per lane. Due to the incorporation of the assumed bottleneck
capacity, this method is termed as “partial” floating car method throughout this paper. 
The loop detector method, on the other hand, relies on inductive loop detectors
installed underneath pavement at certain spacing along roadway segments. These
detectors are capable of collecting continuously vehicle count and speed information
only at the location where they are installed. When the measured speed is extrapolated
as the average segment speed, travel time delay information across a freeway segment
can be estimated. At Caltrans, the estimation of travel time delay based on loop detector
information has been automated through the freeway Performance Measurement
System (PeMS) at user-specified reference speed [4]. 
Both of these two types of methods have strengths and weaknesses. The floating car-
based method collects continuous spatial data along the entire length of a roadway
segment but at 15- to 30-minute intervals; whereas the loop detector method relies upon
fixed-point detection at much finer temporal intervals, say half a minute. Floating car-
based method is resource-intensive, and exposes data-collection personnel to traffic;
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while loop detector method is easily automated and the delay information can be
obtained at marginal cost once the instrumentation is in place. Floating car-based
method does not require as much infrastructure investment; but loop detector method
cannot function without sufficient road network instrumentation coverage. 
For a freeway network that is sufficiently equipped with loop detectors, it is desirable
to utilize these detectors to collect delay information to save the otherwise necessary
labor costs when floating cars are used. Nonetheless, it is not practical to completely do
away with the floating car-based methods since full instrumentation of a freeway
network takes time to realize, and the existing loop detectors may go malfunctioned due
to construction or rehabilitation activities. In order to efficiently collect and monitor
network-wide delay, it is very appealing that these two types of methods could be shown
to estimate similarly, or at least to be related in terms of total delay estimation for a given
roadway segment, so that they can be used interchangeably, and complementarily. 
The objective of this research is to investigate empirically whether these two types of
methods estimate similarly or are related in terms of total delay estimation for a roadway
segment. In a previous paper [3], the author found that by nature the partial floating car
method is not accurate in estimating the ground truth delay for a freeway segment based
on the analysis of thousands of vehicle’s trajectory information from six freeway
facilities across the U.S.A. The assumed bottleneck capacity was identified to be the
primary contributor to its inaccuracy. But the partial floating car method becomes fairly
accurate when the assumed bottleneck capacity was modified using the actual traffic
volume between neighboring floating car runs. Based on this conclusion, the modified
floating car method was introduced as one variation of the floating car-based methods,
and used as the reference in this paper to compare with the partial floating car-, and the
loop detector-based methods. 
METHODOLOGY
Setup of the Comparisons
The comparisons are done on a segment by segment basis between the three methods,
namely partial floating car, modified floating car, and loop detector methods. Only the
total travel time delay across a roadway segment is compared. A segment is defined as
a stretch of roadway between two adjacent loop detectors. A segment may include all
the lanes, or just a single lane, such as the lane that a floating car drives in. Each loop
detector is associated with a specific Post Mile (PM), therefore, the locations of loop
detectors determine the spatial dimension of each comparison. The temporal dimension
of a comparison is determined by the starting time the first floating car run and the
ending time of the last run. Any one comparison encompasses the entire congestion
period, with the floating car runs scheduled as evenly as possible, say every 15 minutes
across the entire duration. This setup is conceptually illustrated in Figure 1, where one
comparison is formulated. 
In the formulated comparison, there is a total of n floating car runs, 1 through n; and
there are two loop detectors, j and (j+1), located at post mile PM(j) and PM(j+1),
respectively. The segment length is therefore [PM(j+1)-PM(j)]. The comparison duration
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is between the instance when the first floating car run departs PM(j) to the instance when
the nth run reaches PM(j+1). At detector j, the starting of loop detector data is determined
by the instance when the first floating car run departs loop detector j.  The specific
starting time is the starting of the whole-numbered data aggregation interval that
encompasses the instance when the first floating car run departs the loop detector. By
the same token, the ending of loop detector j’s data is determined by the instance when
the last floating car run departs loop detector j.  The specific ending time is the starting
of the whole-numbered data aggregation interval that encompasses the instance when
the last floating car run departs the loop detector. The same is true for detector (j+1). 
The comparison duration may be somewhat different as determined based on loop
detectors and floating car runs, because of the different resolutions of loop detector and
floating car data. Loop detector data are aggregated using a certain time interval, such
as 300 seconds, while floating car data can be accurate up to one second depending on
the type and characteristics of the data collection equipment onboard a floating car.
However, the discrepancy is deemed negligible, since the largest possible discrepancy
is two detector data aggregation intervals, which is much smaller than the entire
congestion period, or the comparison duration. Loop detector data aggregation intervals
are shown in Figure 1 as little blocks along PM(j) and PM(j+1) lines.
Delay Estimation using Partial and Modified Floating Car Methods
For a given roadway segment, the total delay estimated by floating cars is determined
using the measured delay by a series of floating car runs conducted at a regular interval
throughout the entire congestion period based on the fundamental queuing diagram [2].
Each floating car run measures the floating car’s delay by tracking the floating car’s
speed profile, that is, to sum up the differences between the actual travel time and that
at a user-specified threshold speed when the actual speed is lower than the threshold
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Figure 1. Formulation of one comparison
speed. Delay between any two immediate neighboring floating car runs i and (i+1) can
be estimated as the area of the trapezoid EFHG as shown in Fig. 2. 
In trapezoid EFHG, EF or wi, and GH or wi+1 are the measured delay by floating car
run i and (i+1), respectively. (t+T)’ and (t+2T)’ are the respective instance when run i
and run (i+1) reach the end of the segment. FH has a slope of u, which is the assumed
capacity of the controlling bottleneck. EE’ and GG’ are the estimated stored number of
vehicles based on wi, and wi+1, respectively. EE’= u×wi, for example. Based on this
understanding, the estimated travel time delay between the two immediate neighboring
runs can be determined by Equation (1):
(1)
Where, 
EDi
j = delay estimated by two immediate neighboring floating cars, i and (i+1) for
segment j, veh-hrs;
wi
j = delay measured by floating car run i traversing segment j, hours;
wi+1
j = delay measured by floating car run (i+1) traversing segment j, hours;
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Figure 2. Computation of the Estimated Travel Time Delay
u = the assumed bottleneck capacity or the output rate, vehicle per hour per lane
(vphpl);
Lnj = the total number of lanes for segment j;
JTi
j = the journey time for run i traversing segment j, hours;
JTi+1
j = the journey time for run (i+1) traversing segment j, hours; 
Ti
j = the floating car run time interval, or the difference of starting time between
run i and run (i+1), hours.
i = loop variable for the number of floating car runs;
j = the loop variable for the number of loop detectors (the total number of
segments/comparisons are one less than the total number of loop detectors).
The total delay for segment j throughout the entire peak period can be computed by
Equation (2): 
(2)
where, 
FDj = floating car estimated total delay for segment j, veh-hrs;
n = the total number of floating car runs.
Equation (1) and (2) are the description of the partial floating car method. The concept
of a modified partial floating car method was first introduced in [3], where it was shown
that the partial floating car method almost always overestimated if the bottleneck
capacity is assumed to be 2000 vphpl. However, the performance of the partial floating
car method was greatly improved and fairly accurate when the actual traffic counts in-
between two immediate neighboring runs replaced the assumed bottleneck capacity.
Deploying a loop detector at the starting point of a floating car run will provide the
actual traffic count information. Therefore, the modified method can be easily
implemented using the setup as shown in Figure 1. That is to replace ‘u’ in Equation (1)
with the average measured volume at the starting and ending loop detectors. 
Delay Estimation using Loop Detectors 
For a given roadway segment or a comparison, from PM(j) to PM(j+1) with loop detectors
installed at both ends, the formulas as used in PeMS [4, 5, 6] were followed to
determine the loop detector estimated delay. The delay for a segment during a time
period is the summation of the delay estimated at every data aggregation interval that is
included in the specific time period. At every data aggregation interval, the estimated
delay is determined based on the flow and speed measured by the two loop detectors
located at the starting and ending points of the segment. The speed measured at the
starting point prevails in the computation of delay for the upstream half of the segment;
whereas the same is true for the determination of delay for the downstream half.
Mathematically, the loop detector estimated delay could be expressed as:
FD EDj i
j
i
n
=
=
∑
1
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(3)
where,
LDj = the loop detector estimated delay for segment j, vehicle-hours (veh-hrs);
k = loop variable for the number of data aggregation intervals;
K = the total number of data aggregation intervals.
AI = the duration of one data aggregation interval, hour; 
Fx
(j) = the flow rate for detector j at the kth data aggregation interval across all lanes,
or vph;
Uk
j= the harmonic mean of speeds for the kth data aggregation interval from the detector
located at PM(j), kph, which is given by: 
; (4)
ujmk = the loop detector measured (double loop detectors) or estimated (single loop
detector) time mean speed for the mth vehicle detected at the kth data
aggregation interval for the jth segment, kilometers per hour, or kph. 
Mk
j = the total number of vehicles detected at the kth data aggregation interval for
the jth segment;
m = loop variable for the number of vehicles detected;
Vr = the user-specified reference speed below which a vehicle is defined to be
delayed, mph; 
Performance Measures
The overall difference between loop detector and floating car methods is evaluated in
terms of the Mean Absolute Relative Difference (MARD), which is determined based on
the mean absolute difference obtained for D days of observation across J segments.
Mathematically, MARD can be expressed as: 
(5)
where,
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(7)
MARD = the mean relative difference for D days of observation across J segments,
veh-hrs;
LDj = the average loop detector estimated delay for D days of observation for the
jth segment, veh-hrs; 
FDj = the average partial or modified floating car estimated delay for D days of
observation for the jth segment, veh-hrs; 
LDd
j = the loop detector estimated delay for segment j on day d, veh-hrs; 
FDd
j = the partial or modified floating car estimated delay for segment j on day d,
veh-hrs; 
d = the loop variable for the number of days of observation;
D = the total number of days of observation for one road segment;
j = the loop variable for the number of road segments;
J = the total number of road segments studied;
Besides MARD, the statistical relationships were also investigated to see how these two
types of methods might be related in terms of total delay estimation on a segment-by-
segment basis. Statistical t-test for mean and F-test for variance were conducted to see
whether the estimated delay have similar means and variances, respectively. 
All-Lane and Single Lane Comparisons
For any segment, comparisons may be conducted on either an all-lane or a single lane
basis.  But not all segments are suitable samples for all-lane comparison purposes. This
is because some roadway segments may introduce unusual geometry that will
undermine the fair basis of such a comparison. For example, some segments may have
different total number of lanes in different part of the same segment, such as segment
#3 in Figure 3, which starts with 3 lanes, but widens to 4 lanes at the end of the segment.
Such loss of continuity of the total number of lanes disrupts the two methods differently
in terms of total delay computation. For the floating car-based methods, the total delay
has to be calculated using either a mistaken total number of lanes, or a weighted average
one. For the loop detector method, on the other hand, the total delay will be either
overestimated or underestimated unless the change of total number of lanes occurs right
at the middle point of a segment. Therefore, segment #3 is not a suitable sample for the
all-lane comparison study. 
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Some segments may contain High Occupancy Vehicle (HOV) lanes, which
introduces different operating conditions across the cross section of a segment. HOV
lane is supposed to operate at a significantly better level of service than its mixed flow
counterparts to attract users. As a result, error will be introduced when every lane is
assumed to be operating like the lane through which floating cars are driven. Presence
of on- and off-ramps has similar effect. Merging and diverging operations would make
at least the roadside lane operate at a lower level of service than the inner lanes, where
floating cars are driven in. Besides, presence of on- and off-ramps will cause loss of
traffic flow conservation. Therefore, presence of HOV lane and on- and off-ramps
would make a segment non-ideal for all-lane comparison study. Clearly, comparisons
based on a single-lane seem to be more reasonable. According to the practice of the
California Department of Transport (Caltrans), floating cars are typically driven in lane
number 2 (median lane is lane number 1). ‘Lane number 2’ is thus selected in the single-
lane-based comparison. 
Data Collection
Three freeway facilities in the Greater Sacramento Area were used as samples in this
study. These facilities are northbound (NB) State Route (SR) 51 from post mile 1.16 to
8.05, southbound (SB) SR51 from post mile 7.93 to 0.60, and NB SR99 from post 13.78
to 23.21. See Figure 3 and Figure 4 for the detailed facility configuration, detector
layout, bottleneck location, and study limits. A total of 37 segments from these freeway
facilities were used as samples, with a breakdown of 11 segments for NB SR51, 9 for
SB SR51, and 17 for NB SR99. The corresponding floating car and loop detector
information for these 37 segments were collected from the California Department of
Transportation [7, 8, 9]. 
A detailed list of floating car information collected was tabulated in Table 1. From
Table 1, one may be able to figure out when and where these floating car runs were
conducted, in addition to the following information such as the number of runs, run
intervals, and the possible congested period. For example, for NB SR51, the floating car
runs were conducted for six afternoon time periods on 04/04/2002, 06/11/2002,
11/21/2002, 03/05/2003, 05/01/2003, and 05/29/2003. The information contained in the
first column shows that on 04/04/2002, from 14:45 to 18:29 pm, a total of 12 floating
car runs was conducted. The interval between the last two runs was 24 minutes, and the
interval between run number 5 and 6 was 16 minutes. The maximum interval is 24
minutes. Since floating car runs were always conducted to cover the entire congested
period, i.e. the first and last runs would be conducted at near free flow conditions, a
rough estimate of the congested period is from 3:00 pm to 6:05 pm, which was about
three hours. 
Corresponding loop detector information was downloaded from the PeMS website at
http://pems.eecs.berkeley.edu/ as of 7/1/2004 [4]. Five-minute data aggregation interval
was selected. Both ‘across all lanes’ and ‘lane number 2 only’ were collected, since
floating car runs were conducted in ‘lane number 2 only’. Sample data format for both
floating cars and loop detectors were shown in Table 2 and Table 3, respectively. From
the sample excerpt shown in Table 2, it can be seen that a floating car run’s data is in
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Figure 3. Facility configuration of NB and SB SR51. 
fact the trajectory of the floating car, i.e. a record of the floating car’s speed, and
location at one-second interval. On the other hand, the corresponding loop detector data
were 288 5-minute intervals around the clock, with average speed and volume reported
for both ‘across all lanes’ and ‘lane number 2 only’, see Table 3.
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Figure 3. Facility configuration of NB SR 51 and SB SR 51 (Cont’d).
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Table 1. Summary of floating car runs conducted.
Route NB SR51
Date 04/04/02 06/11/02 11/21/02 03/05/03 05/01/03 05/29/03
Run No. 1 14:45 14:30 14:30 14:30 14:40 14:00
Run No. 2 15:00 14:42 14:41 14:48 14:58 14:28
Run No. 3 15:18 15:00 14:59 15:15 15:15 14:43
Run No. 4 15:44 15:14 15:12 15:28 15:29 15:02
Run No. 5 16:01 15:28 15:31 15:45 15:44 15:12
Run No. 6 16:17 15:46 15:43 15:57 16:01 15:32
Run No. 7 16:44 15:57 16:00 16:15 16:13 15:42
Run No. 8 17:12 16:17 16:15 16:29 16:32 16:01
Run No. 9 17:20 16:30 16:32 16:45 16:52 16:12
Run No. 10 18:01 16:54 16:48 17:05 17:12 16:32
Run No. 11 18:05 17:05 17:01 17:16 17:41 16:42
Run No. 12 18:29 17:28 17:21 17:40 18:02 17:05
Run No. 13 17:44 17:36 17:59 18:22 17:14
Run No. 14 17:58 18:01 18:13 18:36 17:45
Run No. 15 18:10 18:54 17:52
Run No. 16 18:30 19:10 18:30
Run No. 17 18:44
Run No. 18
Route SB SR51 NB SR99
Date 11/06/02 11/06/02 09/16/03 02/25/03 11/21/02 09/04/03
Run No. 1 06:59 14:45 6:30 6:00 6:00 6:00
Run No. 2 07:15 15:03 6:45 6:15 6:14 6:11
Run No. 3 07:30 15:14 7:00 6:29 6:29 6:39
Run No. 4 07:46 15:28 7:14 6:43 6:43 6:40
Run No. 5 08:01 15:44 7:30 6:59 7:02 7:18
Run No. 6 08:15 16:00 7:43 7:13 7:18 7:31
Run No. 7 08:30 16:16 7:59 7:29 7:38 8:22
Run No. 8 08:46 16:31 8:19 7:58 8:01 8:42
Run No. 9 16:50 8:30 8:25 8:20 8:57
Run No. 10 17:04 8:44 8:44 8:35 9:16
Run No. 11 17:27 9:00 9:00 8:49 9:42
Run No. 12 17:43 9:15 9:07
Run No. 13 18:02 9:28
Run No. 14 18:12
Run No. 15 18:27
Run No. 16 18:36
Run No. 17 18:48
Run No. 18 19:00
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Figure 3. Facility configuration of NB SR 51 and SB SR 51.
Table 2. Sample data format from floating cars.
Time Post Mile, mile Speed, mph
6:11:22 12.89 48.6
6:11:23 12.9 53.55
6:11:24 12.92 56.25
… … …
6:26:16 24.2 55.8
6:26:17 24.21 24.75
Note: Data is an excerpt from one run on 09/04/2003 starting at 6:11:22 and ending at 6:26:17am.
The floating cars drive in lane number 2 only on incident-free days.
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Figure 4. Facility configuration of NB SR99.
Table 3. Sample data format for loop detectors.
Volume for Speed for Volume for All Speed across all 
Lane #2 Only, Lane #2 Lanes, vehicles Lanes, mph
vehicles per Only, mph per 5 minutes
5 minutes
9/4/2003 0:00 18 67 40 65
9/4/2003 0:05 15 75 31 73
9/4/2003 0:10 15 77 31 75
… … … … …
9/4/2003 23:50 27 71 54 71
9/4/2003 23:55 26 71 48 73
Note: Data is downloaded from PeMS for the whole day of 09/04/2003 in five-minute intervals.
RESULTS AND ANALYSES
Scenarios Studied
For each of the 37 freeway segments studied, the estimated delay was calculated for 18
different scenarios. These scenarios consisted of the full combination of three
estimation methods, three reference speeds, and two facility configurations. The three
estimation methods (out of the floating car and loop detector two types of methods)
included the partial floating car, the modified floating car, and the loop detector
methods. The three reference speeds considered included 56 kph, 96 kph, and infinity.
The infinity reference speed renders travel time itself as delay, and therefore allows the
direct comparison of travel time estimation capability between these three methods. The
two facility configurations referred to the ‘across all lanes’ and ‘lane number 2 only’. 
Results
Equation (2) and Equation (3) were evaluated for each of the 37 segments under the 18
prescribed scenarios, and the estimated delay for ‘across all lanes’ and ‘lane number 2
only’ were tabulated in Table 4 and Table 5, respectively. The estimated delay using the
partial floating car, modified floating car, and loop detector methods was listed side-by-
side in both Table 4 and Table 5. Each delay value listed was the total delay for a
roadway segment averaged over a certain number of peak periods to minimize the day-
to-day variation. For example, all values for NB SR51 are average values for 6 peak
periods. Table 4 and Table 5 were the basis for all the following statistical analyses. It
should be noted that 14 roadway segments listed in Table 4 (marked with “~”) were
eliminated from any statistical analysis because they incorporated changes in total
number of lanes in that particular segment. For example, segment #3 in NB SR 51, as
shown in Figure 3, was eliminated because it starts with 3 lanes, but widens to 4 lanes
at the end of the segment.
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Figure 4. Facility configuration of NB SR 99 (Cont’d).
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Segm. Length, FDj & M_FDj LDj FDj M_FDj LDj FDj M_FDj LDj
Facility No. km Vr =56 kph (35 mph) Vr =96 kph (60 mph) Vr =infinity
1~ 0.54 318.7* 171.3 149.2 397.0 215.2 203.2 518.1 283.7 289.0
2 0.96 133.7 94.0 138.1 258.4 185.2 210.3 471.9 342.3 354.3
3~ 1.44 75.8 42.1 33.0 188.6 99.8 84.1 508.5 266.1 326.6
4~ 1.28 127.3 76.0 19.4 226.9 139.8 79.3 605.2 392.3 359.9
5~ 1.46 182.0 108.4 46.5 301.1 184.9 124.0 733.0 475.0 406.4
6 0.27 54.7 25.5 13.3 83.5 39.4 30.7 163.5 79.0 83.5
7 0.35 72.1 43.0 15.8 111.0 68.1 39.2 214.7 136.4 117.2
8~ 1.76 257.9 164.1 45.8 469.7 302.5 136.5 987.8 638.1 489.0
9 1.07 90.7 55.9 11.7 188.0 124.8 57.7 329.2 293.8 212.3
10~ 1.65 125.9 81.1 14.9 281.2 190.6 93.2 488.5 436.6 345.1
N
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11 0.24 6.7 4.8 3.4 16.2 14.1 11.2 58.3 56.1 50.1
12 0.69 17.8 12.0 11.4 42.9 29.2 34.4 156.1 109.5 129.1
13 1.28 5.5 4.3 4.8 30.6 23.9 24.3 243.8 179.4 168.1
14~ 3.14 23.8 9.4 11.8 62.8 26.6 59.6 611.9 265.5 374.9
15 0.22 13.1 6.6 2.3 22.2 12.1 10.6 80.7 44.4 43.5
16 0.64 53.5 28.7 4.1 93.6 51.4 24.3 264.6 150.6 140.3
17~ 1.26 279.8 191.9 58.3 375.1 248.3 95.3 712.2 408.8 289.9
18 0.14 21.4 13.6 10.4 30.1 19.1 16.5 62.9 39.9 36.5
19~ 1.47 74.5 33.8 38.7 203.5 89.9 72.4 707.6 296.8 251.4
SB
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20~ 2.88 0.5 0.5 0.0 2.9 2.9 0.0 80.5 78.4 152.4
21 0.35 0.0 0.0 0.0 1.5 0.6 1.8 67.8 26.0 25.0
22 0.64 18.4 6.8 0.1 25.6 9.1 3.0 147.5 54.3 52.8
23 1.25 162.5 72.8 0.1 196.8 88.4 2.3 434.3 193.3 109.9
24 1.02 28.2 4.3 0.7 62.2 13.4 3.4 261.6 77.3 89.3
25 0.14 12.4 1.6 0.6 18.1 3.1 2.1 46.3 12.3 12.5
26~ 2.70 1218.1 514.3 11.4 1486.3 626.0 56.5 2028.7 854.3 290.9
27 0.50 183.8 96.2 10.5 247.9 130.5 31.9 347.8 183.8 89.0
28 0.54 68.7 36.1 16.8 128.0 68.9 50.2 237.5 129.2 122.1
29 1.12 120.0 84.5 12.1 211.0 147.6 41.1 436.1 302.2 196.2
30 0.88 111.2 77.6 0.0 191.1 132.7 0.2 368.1 254.8 126.8
31 0.48 62.6 35.8 3.1 102.2 59.3 12.9 198.9 118.8 83.2
32~ 1.60 199.6 130.6 19.4 291.9 192.9 86.4 610.4 414.6 338.2
33 0.32 23.6 14.5 5.2 49.2 30.6 21.3 133.4 81.5 78.5
34 0.80 118.6 73.5 24.2 210.9 133.6 88.9 463.8 297.1 281.8
35 0.40 40.9 12.7 5.9 79.2 24.3 21.7 184.2 55.3 81.2
36~ 0.35 30.7 23.3 0.9 61.8 45.5 13.9 155.0 109.5 68.3
N
B
 S
ta
te
 R
ou
te
 9
9
37~ 1.82 126.8 35.7 4.6 276.7 80.4 87.0 759.9 219.4 410.1
Mean, Paired Difference 48.4 -19.8 ---- 71.7 30.4 ---- 116.2 26.4 ----
Standard Deviation 51.0 31.7 ---- 67.3 41.6 ---- 84.2 43.4 ----
Two-tailed p value 2.2%# 2.0% ---- 1.0% 1.5% ---- 0.3% 3.1% ----
&   FDj is the delay estimated by the partial floating car method using an assumed bottleneck capacity of 2000 vphpl for
the jth segment; M_FD j   is the delay estimated by the modified floating car method using the average volumes
determined by loop detectors located at both ends of the jth segment. LDj is the loop detector-estimated delay for the jth
segment.
*  For NB SR 51, the value is the average delay across all lanes  over six peak periods; while for SB SR 51 and NB SR 99,
the value is the average for three peak periods.
~   The segments were excluded from any statistical analysis, because these segments incorporate changes in the total
number of lanes, refer to Figure 3.
#   Column 4, 7, and 10 are for the paired t-Tests between the loop detector and the partial floating car method; while
column 5, 8, and 11 are for the paired t-Tests between the loop detector and the modified floating car method.
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)(1)
Table 4. Estimated delay based on three methods from 37 segments 
(across all lanes).
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y g ( y)
Segm. Length, FDj & M_FDj LDj FDj M_FDj LDj FDj M_FDj LDj
Facility No. km Vr =56 kph (35 mph) Vr =96 kph (60 mph) Vr =infinity
1~ 0.54 106.2* 60.5 53.5 132.3 76.0 71.5 172.7 100.2 100.4
2 0.96 44.6 31.4 34.7 86.1 61.7 60.4 157.3 114.0 113.8
3~ 1.44 25.3 19.3 13.1 62.9 45.1 34.4 169.5 119.1 120.8
4~ 1.28 31.8 23.3 9.8 56.7 43.2 30.3 151.3 122.3 117.8
5~ 1.46 45.5 34.0 24.4 75.3 57.7 50.2 183.2 147.4 141.3
6 0.27 13.7 8.4 5.5 20.9 13.1 10.5 40.9 26.7 25.8
7 0.35 18.0 10.8 5.4 27.7 17.2 11.2 53.7 34.9 31.7
8~ 1.76 64.5 44.0 17.1 117.4 81.5 40.2 246.9 174.2 133.2
9 1.07 30.2 13.3 11.9 62.7 31.6 30.0 109.7 75.0 77.7
10~ 1.65 42.0 28.9 17.4 93.7 67.9 48.7 162.8 156.0 134.7
N
B
 S
R
 5
1
11 0.24 2.2 1.6 1.1 5.4 4.7 3.6 19.4 18.5 16.4
12 0.69 5.9 4.1 4.0 14.3 10.0 11.0 52.0 37.3 43.3
13 1.28 1.8 1.5 2.1 10.2 8.2 8.6 81.3 63.5 70.4
14~ 3.14 7.9 5.4 15.2 20.9 14.9 33.6 204.0 145.4 164.2
15 0.22 3.3 1.8 2.7 5.6 3.2 5.6 20.2 12.2 14.9
16 0.64 13.4 6.9 4.7 23.4 12.5 11.2 66.1 37.9 40.7
17~ 1.26 70.0 42.7 19.9 93.8 55.7 32.7 178.0 95.0 86.8
18 0.14 7.1 5.0 4.9 10.0 7.0 7.0 21.0 14.8 13.8
19~ 1.47 14.9 10.7 27.4 40.7 29.2 38.4 141.5 100.2 104.5
SB
 S
R
 5
1
20~ 2.88 0.2 0.3 0.0 1.0 1.6 0.0 26.8 41.6 58.8
21 0.35 0.0 0.0 0.5 0.5 0.3 3.1 22.6 13.6 14.3
22 0.64 6.1 3.5 1.0 8.5 4.9 5.8 49.2 30.3 32.6
23 1.25 54.2 34.9 0.2 65.6 42.5 1.3 144.8 93.7 55.4
24 1.02 9.4 1.7 0.1 20.7 5.2 0.9 87.2 31.7 37.7
25 0.14 4.1 0.6 1.3 6.0 1.2 2.0 15.4 5.1 6.3
26~ 2.70 406.0 203.9 34.0 495.4 250.5 65.6 676.2 349.8 166.8
27 0.50 61.3 30.4 3.4 82.6 40.2 9.1 115.9 55.0 29.0
28 0.54 22.9 13.0 3.1 42.7 24.8 9.3 79.2 46.6 32.5
29 1.12 40.0 30.2 2.9 70.3 52.8 10.5 145.4 108.2 66.3
30 0.88 37.1 23.9 0.0 63.7 40.7 0.3 122.7 78.1 42.3
31 0.48 20.9 13.1 3.7 34.1 22.5 9.4 66.3 47.5 34.7
32~ 1.60 66.5 46.1 19.1 97.3 69.0 54.6 203.5 156.0 156.0
33 0.32 5.9 4.2 3.2 12.3 8.8 9.4 33.4 24.8 29.3
34 0.80 29.7 20.0 12.8 52.7 36.6 31.2 116.0 84.9 88.3
35 0.40 10.2 6.0 3.1 19.8 11.6 7.3 46.1 26.7 27.7
36~ 0.35 7.7 6.2 1.4 15.5 12.3 5.6 38.8 31.1 24.6
N
B
 S
R
 9
9
37~ 1.82 31.7 8.4 7.0 69.2 18.9 31.7 190.0 52.1 118.1
Mean, Paired Difference -26.8 -11.6 ---- -35.7 -13.2 ---- -49.7 -8.1 ----
Standard Deviation 61.3 29.0 ---- 70.9 32.6 ---- 83.7 35.0 ----
Two-tailed p value 1.17%# 2.05% ---- 0.49% 1.86% ---- 0.09% 16.98% ----
&    FDj is the delay estimated by the partial floating car method using an assumed bottleneck capacity of 2000 vphpl for the
jth segment; M_FD j is the delay estimated by the modified floating car method using average volumes determined by
loop detectors located at both ends of the jth segment. LDj is the loop detector-estimated delay for the jth segment.
*  For NB SR 51, the value is the average delay for lane number 2 only  over six peak periods; while for SB SR 51 and NB
SR 99, the value is the average for three peak periods.
~   marked segments were included for statistical analyses for lane number 2 only .
#   Column 4, 7, and 10 are for the paired t-Tests between the loop detector and the partial floating car method; while column
5, 8, and 11 are for the paired t-Tests between the loop detector and the modified floating car method.
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)(1)
Table 5. Estimated delay based on three methods from 37 segments 
(lane number 2 only).
Statistical t-Test
Before conducting any statistical analysis, some characteristics of the three methods
may be observed just by the visual inspection of the relative delay magnitude tabulated
in Table 4 and Table 5. First of all, the partial floating car method consistently estimated
the largest quantity of delay, no matter under which reference speed. On the other hand,
the modified floating car method was observed to estimate consistently less than the
partial floating car method. This result suggested that assuming the bottleneck capacity
as 2000 vphpl led to overestimated delay. Second, because delay is defined as travel time
in excess of that at user-specified free flow speed, higher reference speed will always
result in higher estimated delay. It is also interesting to note that at higher reference
speed the estimated delay from these three methods corresponded better. When the
reference speed is selected as infinity (when in fact segment travel time is estimated),
the three methods corresponded the best. 
Paired t-Tests were performed to determine whether the different methods estimate
similar delay. The loop detector method was compared with both the partial floating car
and the modified floating car method. The three reference speeds, 56, 96, and infinity
kph were studied. Both ‘across all lanes’ and ‘lane number 2 only’ facility
configurations were considered. A total of 12 paired t-Tests were conducted. The p-
value for each t-Test, together with the mean and standard deviation of the paired
differences is tabulated at the bottom of Table 4 and Table 5 for ‘across all lanes’ and
‘lane number 2 only’, respectively. For example, in the last row of Table 4, the p-values
shown in column 4, 7, and 10 are from the paired t-Tests between the loop detector and
the partial floating car method when the reference speed is respectively 56, 96, and
infinity kph; while those shown in column 5, 8, and 11 are from the paired t-Tests
between the loop detector and the modified floating car method. 
It was hypothesized that the loop detector method will estimate similar mean delay
as the floating car-based methods. However, as the p-values for all the t-tests indicated,
such hypothesis would be true only with a probability of less than 3.1%. It is therefore
that the loop detector and the partial floating car, and the loop detector and the modified
floating car methods do not measure statistically significant similar mean total segment
delay. It is only when travel time estimation is concerned for ‘lane number 2 only’, the
loop detector and the modified floating car methods estimate similar mean significance
level. 
Regression Analysis
Regression analyses were conducted to relate the estimates from loop detector and
floating car-based methods using the data shown in Table 4 and Table 5. Linear
relationships were determined in the form of FDj = a + b × LDj, or M_FDj = a + b ×
LDj, where a and b are regression coefficients, and M_FD refers to the estimation by
the modified floating car method. The results were tabulated in Table 6. It can be seen
that all the values for coefficient b are greater than zero, indicating that when one
method picks up more delay, the other method also picks up more. It can also be seen
that coefficient b approaches unity on several occasions, meaning that the methods
sometimes do correlate very well. Based on the values of R2 , all but one relationship
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tabulated in Table 6 are statistically significant at 5% significance level. The only
statistically insignificant relationship, printed in bold (R2 = 0.13), is between FD and LD
for all lane comparisons when the reference speed is selected as 56 kph. Clearly, the
regression analyses indicated that the delay estimated by different methods is correlated.
It was also found that loop detector method generally agrees better with the modified
floating car method. In practice, these relationships may be used to enable and facilitate
the polling of the delay information estimated by different methods.
Table 6. Relationships between the two types of methods in delay estimation.
The Mean Absolute Relative Difference, MARD
The mean absolute relative differences for the two facility configurations and three
reference speeds were determined using Equation (5) and tabulated in Table 7. In terms
of MARD, the methods really do not agree very well with each other. For example,
when the reference speed is 56 kph, the average absolute relative difference is 78%
between loop detector and floating car method. That is to say, loop detector-estimation
can be on average 78% more or 78% less than floating car-estimation for all the
segments involved. However, when the reference speed is specified higher, loop
detector-estimation agrees better with the estimation from floating car-based methods,
and the modified floating car method. The best median MARD reaches 12%. The
MARD analysis shows that when multiple methods are used to monitor a single
roadway network, the delay information obtained by different methods should not be
directly summed up. Instead, regression relationships should be used to convert the
delay information before summing up. 
The Desirable Detector Spacing
According to a previous research [3], the modified floating car method is fairly
accurate in measuring travel time delay for a single lane, especially when the reference
speed is specified higher than 96 kph. Such finding provided some basis for the current
research to judge the desirable detector spacing, at which the loop detector method
could estimate similar delay. To this end, the relative difference and the corresponding
loop detector spacing for ‘lane number 2 only’ for all the 37 segments studied were
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Vr, kph Regression
Relationship
a b t-Statistics
for a
t-Statistics
for b
R2 Number of
Samples
FDj      = a + b * LDj 52.92 0.69 4.48 1.76 0.13 2356
M_FDj = a + b * LDj 27.99 0.55 4.10 2.43 0.22 23
FDj      = a + b * LDj 65.92 1.08 3.89 3.28 0.34 2396
M_FDj = a + b * LDj 34.61 0.83 3.18 4.12 0.45 23
FDj      = a + b * LDj 75.10 1.36 2.53 6.49 0.67 23A
cr
os
s 
A
ll
L
an
es
Infinity
M_FDj = a + b * LDj 12.38 1.09 0.77 9.65 0.82 23
FDj      = a + b *LDj 6.28 3.040 0.51 3.87 0.30 3756
M_FDj = a + b * LDj 4.61 1.693 0.76 4.35 0.35 37
FDj      = a + b * LDj 2.72 2.533 0.18 4.87 0.40 3796
M_FDj = a + b * LDj 2.93 1.477 0.39 5.80 0.48 37
FDj      = a + b * LDj -4.98 1.786 -0.23 6.91 0.57 37L
an
e 
#2
 O
nl
y
Infinity
M_FDj = a + b * LDj -3.49 1.166 -0.35 9.86 0.74 37
plotted in Figure 5, Figure 6, and Figure 7, for a reference speed of infinity, 96 kph,
and 56 kph, respectively. As shown in Figure 5, the scattered points formed a ‘narrow’
horizontal flat band, indicating that the relative differences are relatively insensitive to
detector spacing until the spacing exceeds 1.5 km. The relative differences range from
-47% to 23%, with a median of 0%. 
When Vr is 96 kph and 56 kph as shown in Figure 6, and Figure 7, respectively, the
plotted points become increasingly more scattered even with very small detector
spacing. As the estimation at this time was deemed inaccurate even for the modified
floating car method [3], it is not advisable to determine appropriate loop spacing based
on this information. Figure 6 and 7 were in fact included for comparison purpose only. 
Table 7. Analysis results for the absolute relative differences.  
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Vr, kph 56 96 Infinity
Comparisons
LD vs.
FD*
LD vs.
M_FD
LD vs.
FD
LD vs.
M_FD
LD vs.
FD
LD vs.
M_FD
Across All Lanes, 23 segments
Median 86% 67% 66% 43% 48% 12%
Mean 78%# 67% 65% 51% 50% 19%
Absolute
Relative
Difference
Analysis
Standard
Deviation 25% 27% 24% 42% 17% 18%
For Lane Number 2 Only, 37 segments
Median 70% 53% 52% 35% 37% 12%
Mean 65% 58% 68% 68% 40% 19%
Absolute
Relative
Difference
Analysis
Standard
Deviation 26% 42% 84% 156% 22% 23%
* LD refers to the loop detector method; while FD and M_FD refer to the floating car and modified floating car method, respectively.
# 78% is the average of the absolute relative differences between LD and FD methods for 23 segments when the reference speed is 56 kph.
Figure 5. Estimation difference vs. detector spacing (Vr =Infinity, lane number 2
only)
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Figure 6. Estimation difference vs. detector spacing (Vr =96 kph, lane number 2
only)
Figure 7. Estimation difference vs. detector spacing (Vr =56 kph, lane number 2
only)
CONCLUSIONS
In this paper, two types of methods, namely the floating car- and loop detector-based
methods were compared in terms of total freeway segment travel time delay estimation.
It was found that the two types of methods really do not agree well with each other,
especially when travel time delay is defined using a low reference speed, such as 56 kph.
The mean absolute relative difference (MARD) reaches up to 78%. In general, a lower
reference speed was found to be associated with a larger MARD. The loop detector
method agrees better with the modified floating car method than with the partial floating
car method. 
When total travel time estimation is concerned, the loop detector method was found
to be able to estimate similarly as the modified floating car method. The MARD was
found to be only 19%. The agreement between the two methods starts to deteriorate
when loop detector spacing exceeds 1.5 km; and therefore the 1.5 km loop detector
spacing is advisable for segment travel time estimation. 
Despite the fact that the methods do not estimate with statistically significant similar
mean delay, the estimation did generally correlate very well with statistically significant
relationships. These regression relationships provide a means to converting the different
measurements into a consistent one, when different methods are used to measure the
travel time delay information across a freeway network. 
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